Introductioh
The organometal l i c vapour-phase-epi taxy (OM VPE) growth of 111-V compound semiconductors i s based on the pyrolysis of an organic compound containing the group I11 element and generally a hydride of the group V element. The technique i s now well established i n several research laboratories where i t has been successfully applied to the growth of GaAs and GaAlAs f o r laser structures, photocathodes and FETs.
In the next stage, a s OM VPE enters the production envirorment, growth characteristics such as yield, reproducibility, layer uniformity and substrate area become important.
W e have successfully scaled up the growth capacity of our standard low pressure horizontal system from 10cm2 to 5 6~~2 while maintaining a good unfformi ty of layer and device characteristics. An understanding of the gas flow conditions and other c r i t i c a l features of t h i s horizontal system has allowed us, i n collaboration w i t h Metals Research, t o scale up this design to a capac i t y of 900 cin2 i n the form of the MR 200 vertical OMVPE reactor. W e will discuss the flow conditions and growth regime i n these reactors and i n each case give layer and device characteristics. Most OMVPE growth so f a r reported has been carried out i n one of the two reactor geometries shown schematically i n figure 1. Figure 1 .a. shows the horizontal system that we a t Thomson-CSF have developed. I t features a horizontal reaction tube and gas flow, with the substrate lying i n a plane which makes a shallow angle (0' to 10") with the horizontal. This type of reactor has been successfully used to grow GaAs, GaAlAs and the indium based 111-V compounds and in a l l cases has been operated a t reduced pressure as explained i n a previous publication (1).
a) HORIZONTAL REACTOR b)VERTICAL REACTOR
F1g.l Figure 1 .b. shows the commonly used atmospheric-pressure vertical OMVPE reactor in which the substrate i s positioned i n the horizontal plane on a rotating "disc" shaped susceptor and the gases are injected a t the top of the reaction tube.
"State of the a r t " device results have been obtained i n both geometries of OMVPE reactor (2) (3) and f o r small areas of substrate 13 10cm2) the variation i n layer thickness i s l e s s than 2 5 %. W e be1 ieve however that the reactor geometry becomes more important when a larger growth capacity i s required and in t h i s case the reduced-pressure horizontal-reactor offers advantages over the atmospheric pressure vertical reactor. These advantages a r e related t o the gas flow dynamics of the horizontal reactor and will become apparent as we compare the two gecmetries.
W e f i r s t consider the horizontal system under normal operating conditions as shown i n figure 2. The system i s designed to have a f a s t , laminar gas flow i n the vicinity of the susceptor and t h i s i s achieved by keeping the average gas velocity a t a value less than t h a t determined by Gilling (4) f o r the onset of turbulence (70 cm s-1) but a t a value high enough to prevent significant convection currents between the hot susceptor and the cooler reactor walls. The use of a low reactor pressure reduces gas phase heating and eliminated homogeneous reactions i n the gas phase. 
Fig.2 HORIZONTAL REACTOR UNDER NORMAL OPERATION
Under these conditions the growth r a t e and composition of the epitaxial material are independent of temperature between 600°C and 900QC, of pressure between 200 mbar and 500 mbar and of the mole fraction of the group V element (5) (6). The growth r a t e i s solely controlled by themole fraction of the group I11 compound, trimethyl gallium (TMG).
Typically we use a substrate area of 10 cm2 and i n t h i s case the uniformity of layer thickness was better than 2 5 %, which i n our case was the limit of resolution of the thickness measurement. In the case of growth of a ternary compound, e.g Ga0.84 AlOql6 AS, the average composition (S) was 2 = 0.16 with a standard deviation (6) of 6 = 0.0008, measured by band to band photoluminescence over an area of 12 cm2. The s t a b i l i t y of the "laminar-gas-flows' growth regime was a1 so reflected i n the reproducibility and controllability of the growth process, w i t h consequent i n the r e p r o d u c i b i l i t~ of device characteristics. For example i n a series of 12 double heterostructure laser s l i c e s (active layer thickness 1400 W) grown during a period of 4 months, the average value of threshold current density was 996 A cm-2 w i t h a standard deviation of only
From the behaviour of the growth r a t e i n t h i s regime we assume, by analogy with silicon growth ( I ) , t h a t the growth is limited by the diffusive transport of material t o the substrate. In the case of GaAs growth by OMVPE the diffusing species i s the organmetall i c (TMG) molecule which diffuses from the volume of gas above the susceptor. Since the gas ftow i s believed to be laminar the whole of t h i s gas volume can be considered as the diffusion source of TMG. In real i ty, due to the velocity profile across t h i s volume, the main contribution to growth cmes f r m the slower moving lamellae adjacent to the substrate and thus only a small portion of the total gas volume will be depleted.
A disadvantage of using the laminar flow regime f o r small substrate areas i s , therefore, t h a t most of the source species i s swept past the subst r a t e and into the reactor waste line. Accordingly epitaxial growth r a t e s in t h i s regime are lower (100 t o 500 A m i n -1 than those measured i n an atmospheric pressure vertical system (1000 8. min-1 to 5000 8. min-1). This partial depletion of the gas phase can, however, be used t o advantage when growing on laraer areas of substrate and we will show l a t e r t h a t i f the susceptor i s t i l t e d a t a shal7ow angle t o the gas flow an excellent value of layer uniformity can be attained.
The vertical reactor,see figure 1 . b., under normal operation exhibits a significantly different behaviour to that described above.
The epitaxial growth r a t e i s dependent on the susceptor temperature and on the flow r a t e of carrier gas. T h i s behaviour i s thought to r e s u l t from the presence of homogeneous gas phase reactions, which are normally observed upstream from the susceptor and a1 so from the non-laminar gas flow above the susceptor, where i t i s dominated by convection currents. The homogeneous reaction can dramatically reduce the growth r a t e of the susceptor due to the large surface-area to weight r a t i o of the particles produced by t h i s reaction. The convection currents will locally disturb the diffusive transport of source molecules t o the surface causing local variations i n growth r a t e and hence in layer thickness.
For the growth of GaAlAs the variation in growth r a t e and compos i t i o n can be a s high a s + 10 % within an area of 10 cm2. A correlation has been observed between the-thickness and canposition variations f o r growth under these conditions, the aluminium fraction being greater i n regions of lower growth rate. The uniformity of layer thickness and composition can be improved by rotating the substrate. Even w i t h rotation however, a signif icant variation i n layer thickness, of up to 20 %, was observed f o r growth on a substrate of diameter 5 cm (77. I t i s apparent therefore, t h a t the growth regime i n the v e r t i c a l , atmospheric-pressure OMVPE reactor i s inherently l e s s stable than that i n the horizontal low pressure sustem : although epitaxial material of excel l e n t quality has been grown i n vertical systems we feel t h a t the stable "fastlaminar-flow" regime, t h a t i s offered by the horizontal system, lends i t s e l f more easily t o "scaling up". Therefore i n our attempts a t scaling up the growth capacity we have tried to maintain the "fast-laminar-flow" growth regime as described above.
Results

Growth on an area of 50 cm2 i n the horizontal OMYPE reactor
Using the susceptor shown i n figure 3 i h the "fast laniinar flow" growth regime ISe have grown single and mu1 t i p l e layer structures of good uniformity on 4 "D" shaped GaAs wafers ; the total substrate area was 53 an2 f o r each growth. Figure 4 shows the variation of thickness of the zinc doped Ga0.65 A10.35 AS confinement layer of a laser structure as a function of position on the susceptor. The layer thickness i s quite uniform (2.21 v m + 4 %) over most of the susceptor surface but a t the downstream end there i s a rapid drop i n growth rate. This abrupt change is believed t o be due to turbulence a t the t r a i l i n g edge of the susceptor, as depletion of the gas phase would be expected t o give a gradual change i n thickness along the susceptor. The uniformity of canposition i s reflected in the very m a l l standard deviation of emission wavelength (1) of these lasers, which have a nominal active layer composition of GaOag4 A10.06As. The standard deviation of + 12 % for the threshold current density i s acceptable but t h i s may be furTher improved by minimising turbulence effects a t the extrenities of the susceptor.
Growth i n the MR 200 vertical reactor
The growth chamber of the MR 200 OMYPE reactor i s shown schematically in figure 5 . The gases are injected via the central column.at the top of the inner be1 1 jar and they flow down past the substrates to be extracted a t the base of the growth chamber. The substrates a r e mounted on a graphite "barrel" which i s heated by IR radiation from an array of lamps which a r e situated inside the inner bell jar.
Fig.5 MR 200 OM-REACTOR GAS
Although t h i s system has a vertical geometry-it was designed t o operate in the "fast laminar flow" regime, thus the substrates l i e a t . a shallow angle t o the gas flow direction. The main gas flows, see figure 5 : were approximately determined by a direct "scale up" from the smaller horlzontal system (figure 2).
The o b j e c t i v e o f t h i s study was t o o b t a i n a good u n i f o r m i t y o f l a y e r morphology, thickness and doping f o r the growth o f n-type GaAs over the whole o f the 900 cm2 growth area. The a r s i n e t o g a l l i u m f-atio, as w i t h smaller reactors (8) , was found t o control the residual doping type and concentration ; i t was adjusted t o g i v e a low n-type doping. As w i t h t h e smaller reactor operated i n the " f a s t laminar flow" regime the growth r a t e i n t h i s reactor was i n s e n s i t i v e t o temperature and pressure and was c o n t r o l l e d by the molar f l o w o f t h e group I11 eitement TMG. Figure 6 shows the v a r i a t i o n o f thickness around t h e "barrel" a t two l e v e l s A and B (see f i g u r e 5). The v a r i a t i o n around the b a r r e l i s small but the growth r a t e downstream a t l e v e l B i s lower than t h a t a t l e v e l A due t o gas depletion.
POSITION OF SUBSTRATE AROUND "BARREC'(O1
hg. 6 VARIATION OF GROWTH RATE AROUND " BARREL" Figure 7 shows the uniformity, on a s i n g l e 2" diameter GaAs wafer, o f l a y e r thickness and doping l e v e l i n the a c t i v e l a y e r o f a simple twol a y e r FET s t r u c t u r e shown i n f i g u r e 8. The standard d e v i a t i o n on the thickness i s 2 2 % ; t h a t on the doping concentration i s t 5 % on a nominal l e v e l o f 
Conclusions
W e have shown that the " f a s t -laminar gas flow" growth regime can be applied to large scale OMVPE reactors. The capacity of the standard horizontal reactor has been extended to 50 an2 with an adequate uniformity of layer and laser device characteristics.
The same approach has allowed the successful operation of the MR 200 OMVPE reactor f o r the application of FET material growth. Here the uniformity of characteristics i s adequately good on single slices of 2" diameter but s l i c e to s l i c e variations need t o be reduced further. W e are confident, however, that further improvements i n the s l i c e t o s l i c e uniformity can be achieved wM?i minor modifications t o the growth chalnk,er.
